Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n'arrivez pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. Access and use of this website and the material on it are subject to the Terms and Conditions set forth at Photochrome that was not: 2-hydroxynaphtylidene-(8-aminoquinoline) Zgierski, Marek Z.; Lim, Edward C. https://publications-cnrc.canada.ca/fra/droits L'accès à ce site Web et l'utilisation de son contenu sont assujettis aux conditions présentées dans le site
' INTRODUCTION
Schiff bases that undergo internal proton transfer exist in at least two tautomeric forms, namely, enol and ketone. It occurs between the enol group attached to the aromatic system and a nearby nitrogen or oxygen atom with a lone pair of electrons. Usually the enol form is more stable in the ground state. Optical excitation into an ππ* excited state produces enol prone to proton transfer to a more stable keto tautomer in which the proton is bound by a previously free lone pair of nitrogen or oxygen atoms. Many of such Schiff bases show photochromic properties, creating, following excited state intramolecular proton transfer (ESIPT), a metastable species which absorbs light usually well to the red of the absorption of the enol form. 1À4 The model for photochromic Schiff base undegoing ESIPT is salicylidene aniline (SA). We have shown some years ago, 5 that creation of a photochrome in this molecule follows very fast ESIPT in the doorway-state of enol and subsequent very fast internal conversion of the initial ππ* state of created ketone to a "twisted" nπ* state conformation. This twisted nπ* state decays rapidly into a highly vibrationally excited ground state of transketo form. It is this trans-ketone with broken intramolecular hydrogen bond that is identified as a photochrome. A similar mechanism applies to salicydene methylamine 6 and N-salycylidene-R-benzylamine. 7 This mechanism was recently confirmed by time-dependent density functional theory (TD/DFT), CASSCF, and CASPT2 calculations by Ortiz-S anchez et al. 8 We have demonstrated that whether a given Schiff base becomes a photochrome after ESIPT depends of the relative energies of the initially created ππ* stateandthetwistednπ* transient. If the energy of the latter is well above that of the ππ* state, then no phtochrome is created, as is the case of 3,6-bis(benzoxazolyl)pyrocatechol. 9 The stability of the enol form that is found in Schiff bases that are derivatives of salicylaldehyde, is much less pronounced in those bases that are derivatives of 2-hydroxynaphthaldehyde. 10, 11 Amore extended delocalization of the π-electron system on the naphthalene ring tends to favor the keto tautomer. In particular, 2-hydroxynaphtylidene-(8-aminoquinoline) (HNAQ) (Scheme 1) shows unusual stability of the keto form, such that no enol form was detected by 15 ABSTRACT: We report the results of quantum-chemical calculations, which show that the keto form of 2-hydroxynaphtylidene-(8aminoquinoline) (HNAQ) is slightly more stable than the enol form both in the ground and first excited ππ* electronic states. The barrier for proton transfer between the enol and the ketone in the ground state is ca. 3300 cm À1 (HF), and 770 cm À1 (B3LYP), indicating a very fast (ps scale) exchange of protons between the two tautomeric forms. This barrier decreases slightly in the first excited ππ* electronic state (2500 cm À1 -CIS), making proton exchange even faster. We show that the ππ* state of the ketone tautomer is prone to radiationless transition to a state with nearly perpendicular orientation of the two ring systems, similarly to other Schiff bases that are photochromes (for instance salicydeneaniline). This state arises when an electron from the highest occupied molecular orbital (HOMO) of the ketone ring system is transferred to a LUMO localized on the CHNH group of the bridge connecting the two ring systems of the molecule. The energy minimum of this "perpendicular" state lies only ca. 0.09 eV from the ground state potential-energy surface, thus it is prone to extremely rapid radiationless decay. Further relaxation on this surface leads to a metastable conformation that lies ca. 4440 cm À1 above the planar, hydrogen-bonded, ketone conformation. Unfortunately, photochromism of this metastable conformation does not occur, since its absorption spectrum overlaps the spectrum of the stable species (with the predicted absorption around 438 nm vs calculated 440.6 nm in the stable ketone).
The Journal of Physical Chemistry A ARTICLE with the mole fraction of enol at room temperature estimated to be about 0.1. 13, 14 The crystal structure of HNAQ determined by X-ray crystallography shows that HNAQ molecules embedded in a crystal exist in the keto form in a very large range of temperatures (100À400 K). 15 The absorption, emission, and transient absorption spectra of HNAQ were studied by Grabowska and co-workers. 16, 17 It was shown that the S 1 ππ* state is very short-lived (ca. 4 ps) and the fluorescence excitation spectrum differs drastically from the absorption spectrum, which indicates that HNAQ molecules exist in the ground state as a mixture of two conformers of very similar spectral properties. Also, conflicting reports on fluorescence quantum yield exist in the literature varying dramatically from near unity 16 to 3 orders of magnitude less. 18 In this paper we report quantum-chemical calculations of the ground and excited states of HNAQ to deduce the structures and spectra of HNAQ in its ground and excited states. We show that the keto and enol forms in an isolated molecule are separated, in the ground state, only by ca. 1.24 kcal/mol (B3LYP/cc-pVDZ) with the keto form being the more stable one. Similar relation of stabilities is calculated for the S 1 ππ* state, namely, the keto form is more stable by 2.02 kcal/mol (CIS/cc-pVDZ) or 6.69 kcal/mol (TD/B3LYP/cc-pVDZ). Thus, like in most Schiff bases with intramolecular proton transfer, the relative stability of the keto form increases upon electronic excitation. In addition to the quasiplanar ketone S 1 minimum, we find the presence of a strongly nonplanar keto-conformer, in which the intramolecular hydrogen bond is broken. This conformer is more stable in S 1 than the planar ketone by 3.52 kcal/mol (CIS) or by 8.81 kcal/mol (TD/B3LYP). It decays via internal conversion process to nonplanar ground-state conformer, which lies ca. 11.92 kcal/mol (HF), 13.62 kcal/mol (B3LYP) above the stable planar conformation. This metastable conformer only slowly decays to the planar ketone and could form a photochrome, if only its absorption spectrum did not closely overlap the absorption spectrum of the stable molecule. From this point of view, it is a failed photochrome. On the other hand, HNAQ has two (meta) stable conformers in its ground state with overlapping absorption spectra, just as it was suggested in ref 16 .
' METHODS
To calculate structures and spectra of HNAQ in its ground and excited states, we use the Gaussian 19 and Turbomole 20 programs using HF, CIS, CC2, B3LYP, and TD/B3LYP methods with the cc-pVDZ basis set. 21 The ground and excited-state structures were optimized, and the corresponding force fields were calculated, with the HF, B3LYP, and CIS methods. The transition state geometries and frequencies for the intramolecular proton transfer process in the S 0 and S 1 (ππ*) state were also calculated The Journal of Physical Chemistry A ARTICLE with the same methods. In addition, TD/B3LYP energies of the excited states were obtained at the calculated B3LYP and CIS geometries, for the ground and excited states, respectively. The transient absorption electronic spectra for the two excited-state minima of the ketone were obtained with the TD method.
' THE GROUND STATE
The structure of HNAQ is depicted in Figure 1 , which also gives the numbering of the atoms. The calculated HF and B3LYP energies of enol, ketone, and transition state energies are collected in Table 1 .
Here TS refers to the transition state between the ketone and enol form. At this point, the molecule possesses one imaginary frequency depicting proton movement, H 9 ,f r o mN 2 to O 6 . The calculated imaginary frequency is 1774 i cm À1 (HF), or 1179 i cm À1 (B3LYP). As usually is the case, the HF method gives a larger barrier and, consequently, a larger imaginary frequency than the DFT method (see ref 22) . Taking the DFT value for energy difference between the two tautomers (1.24 kcal/mol), we predict that at room temperature in solution there should be about 11% of the enol tautomer, which is in good agreement with what has been concluded from NMR studies. 13, 14 Also the interconversion between the two tautomers should be very fast. Judging by the DFT value of the barrier, it should be on a picosecond scale; CC2 energies at the optimized HF geometries are also provided. It is interesting that the CC2 method, contrary to HF and DFT methods, places the enol below the ketone tautomer; CC2 optimization does not change this ordering, although it decreases the amount of stabilization of the enol.
While the keto tautomer is predicted by HF, B3LYP, and CC2 calculations to be planar, the enol tautomer, when restricted to planarity, possesses an imaginary frequency of 99 i cm À1 (HF) or 30 i cm À1 (B3LYP) for an out-of-plane vibration that tilts the two rings and leads to a markedly nonplanar geometry. As a results of this relaxation, the energy of the enol form decreases by 1.78 kcal/mol (HF), 0.52 kcal/mol (B3LYP), and 1.25 kcal/mol (CC2). The dihedral angles C 7 C 4 C 1 C 8 are 45.4, 32.7, and 40.1°for the HF, B3LYP, and CC2 methods, respectively. A similar situation occurs for the proton-transfer transition state, which is also nonplanar; C 7 C 4 C 1 C 8 angles are 40.8 and 24.3°for the HF and B3LYP methods, respectively. In crystalline conditions, the twist of rings becomes restricted, thus destabilizing the enol tautomer. This puts the ketone below the enol even for the CC2 method.
There also exists a high-energy enol form with strongly rotated aromatic rings denoted as "enol (NPT)" (the C 7 C 4 C 1 C 8 angle is ca. 42°). In this conformer, the internal hydrogen bond does not exist, as the 180°rotation along the C 3 C 2 bond must occur in the lowest energy enol conformer to lead to this NPT configuration. NP(cis) denotes the energy of another ground state ketostructure, which we identify with one form of a photochrome that The Journal of Physical Chemistry A ARTICLE was not. It is a metastable conformer, depicted in Figure 1 , whose absorption spectrum overlaps with that of the stable planar ketoconformer. In this nonplanar "photochrome", the C 7 C 4 C 1 C 8 dihedral angle between the ring systems is 68.8°. At the same time, the OH and NH bonds are in a cis conformation (H 9 N 2 C 3 H 10 = 19.2°). All dihedral angles given here and below result from B3LYP calculations. We see that a large rotation around the C 3 C 4 and N 2 C 1 bonds are needed to transform it into the planar stable ketone with an internal hydrogen bond. NP(A) ketone structure is one that is obtained when the central bridge is rotated by 180°, so the OH and NH bonds are in a trans conformation (H 9 N 2 C 3 H 10 = 164.9°), and the internal hydrogen bond is broken. It is nearly the planar structure with C 7 C 4 C 1 C 8 = 160.2°. Its absorption spectrum also overlaps with the spectrum of the stable keto tautomer, and thus NP(A) can be considered as another form of a failed photochrome. In the next section, we will see that both NP(cis) and NP(A) conformations are easily reachable from the excited electronic state of the keto tautomer.
The highest energy ground state metastable keto-conformer NP(B), with C 7 C 4 C 1 C 8 = 98.7°and H 9 N 2 C 3 H 10 = 2.3°, possesses the bridge bent in a way that the two rings lie almost on top of one another (Figure 1 ). Table 2 lists TD/B3LYP/cc-pVDZ vertical electronic excitation energies at the B3LYP S 0 geometries. It also lists the CC2/ cc-pVDZ excitation energies of electronic states at HF/cc-pVDZ ground state geometries. We see that the vertical excitation energy of the S 1 state is very similar in the three forms of ketone: the stable one, NP(cis), and NP(A). In each case, it is an intense transition to the ππ* state of highest occupied molecular orbital to lowest unoccupied molecular orbital (HOMO f LUMO) character. While the S 2 state in the enol tautomer is also of the ππ* nature, the S 2 states in the three-keto tautomers are of the dominant n 0 π* character. The calculated (TD) vertical electronic excitation energy to the S 1 state of 440.6 nm (2.814 eV) is only ca. 0.1 eV above the observed energy of the fluorescence excitation band (or the longest-wavelength absorption band) at about 458 nm 16 (Figure 2 ). There may be eventual contribution to the structure of this band from the minor enol tautomer ca. 0.2 eV above the 0À0 transition, partially overlapping with the 0À1 transition of the ketone. This may explain in part the difference in the heights of the two peaks in the absorption and fluorescence excitation spectra 16 (Figure 2) .
' EXCITED STATES
Geometries of the S 1 state of the eight tautomers (conformers) were optimized using the CIS method. Subsequently, TD/B3LYP and CC2 energies were calculated for the optimized geometries. The results are summarized in Table 3 and in Figure 3 . The calculated (TD) vertical emission energy in ketone of ca. 468 nm (2.648 eV) is ca. 0.2 eV higher than the observed one at ca. 510 nm. 16 It is seen that the S 1 energy of the NP(cis) and NP(trans) ketone conformers are consistently the lowest in all three calculations. According to the TD results in Table 3 , NP(cis) lies 0.46 eV (10.7 kcal/mol) below the ketone ππ* state and only 0.09 eV above the ground state potential surface at this geometry. NP(trans) lies 0.69 eV (16.0 kcal/mol) below the ππ*stateand The Journal of Physical Chemistry A ARTICLE 0.17 eV below the ground state potential energy surface at the same geometry. Thus, the S 1 states of the NP(cis) and NP(trans) conformers undergo superfast radiationless decay to the ground state. NP(cis) then relaxes to NP(cis) photochromic configuration, while NP(trans) relaxes to the NP(A) configuration. In both these conformers, the intramolecular hydrogen bond is absent. Thus after the ketone ππ* state decays quickly to the lower energy NP(cis) and NP(trans) conformers, they, in turn, decay even faster to the ground state owing to the very small energy gap. These two facts are the foundation for a photochrome formation. What fails in HNAQ is that both NP(cis) and NP(A) have almost the same location of the S 0 f S 1 excitation as the stable ketone species. Nevertheless, the absorption spectrum, after initial excitation, should consist of two or three closely overlapping spectra originating from two or three different ketone conformers: the stable one, NP(A), and NP(cis). The observed difference between the absorption and fluorescence excitation spectra 16 can be explained by the fact that a small excess of vibrational energy is enough to dramatically increase S 1 (ketone) f S 1 (NP(cis), NP(trans)) internal conversion and wipe out most of the fluorescence. Studies of transient absorption spectra 16 show two prominent absorption bands originating from the S 1 ππ* state of ketone ( Figure 2 ). They have comparable intensities and are centered at ca. 520 and 580 nm. Our calculations also locate two bands (each consisting of two closely lying electronic transitions) localized at 476 and 555 nm with the combined oscillator strengths of 0.225 and 0.217, respectively ( Table 4 ). The temporal behavior of the transient absorption establishes the short lifetime of the initially excited ππ* state (4.25 ps). 16 We believe that this fast decay of the initial state proceeds via NP(trans) and NP(cis) conformers of the S 1 state. We assign the 476 (520) nm peak in the transient absorption spectrum to the S 1 f S 20 (f = 0.1426, 2.584 eV) and S 1 f S 22 (f = 0.0825, 2.641 eV) pair of electronic transitions, while the 555 (580) nm peak we assign to the S 1 f S 13 (f = 0.1527, 2.237 eV) and S 1 f S 14 (f = 0.1527, 2.237 eV) pair of electronic transitions.
As in the NP(trans) conformer, the S 1 state energy of the NP(A) conformer is higher than that of ketone by about 0.2 eV. This rules out any significant role of the NP(trans) conformer plays in the excited state dynamics of HNAQ, originating from a ketone cis-tautomer with intramolecular hydrogen bond. The same can be said about the NP(B) conformer whose S 1 energy is The Journal of Physical Chemistry A ARTICLE also ca. 0.2 eV above that of ketone. Similarly, the TD (CIS) energy of enol is 0.216 eV (0.085 eV) above ketone, making the ketone an even more favored tautomer in the excited state than in the ground state. The calculated CIS barrier for internal proton transfer from ketone to enol is 9.2 kcal/mol, and the imaginary frequency of the proton movement at the top of the barrier is 1713 cm À1 .T h e s e values are similar to those obtained for the ground state, which indicates that the TD barrier in the S 1 state should be around 4 kcal/ mol, and therefore very small or nearly nonexistent on the enol side. Thus, the proton transfer from enol to ketone must be faster than 1 0 0f s ,a n d ,c o n s e q u e n t l y ,t h eS 1 state of the enol would rather rapidly transform into the photochromic species of the ketone tautomer, than to the nonplanar conformer, E(NP), of enol.
In conclusion, our calculations indicate that the enol conformer of HNAQ is slightly less stable than ketone in the ground state. The energy of the two tautomers is closer in the crystalline state where the planarity of the enol structure is imposed. The DFT energy difference very well reproduces the conclusions drawn from NMR studies. Electronic excitation additionally stabilizes the keto tautomer. It decays within 4 ps to two nonplanar excited-state conformers of similar energies. These excited states undergo superfast radiationless decay to the photochromic species in their ground electronic state. The two transient absorption spectra, observed in experiment, are interpreted as two close pairs of electronic transitions from the excited electronic state of initially excited ketone tautomer. As the photochroms have almost the same absorption spectrum as the normal form of ketone, photochromism is not observed in NHAQ, consistent with the experiment.
